The molecular mechanisms behind previously reported biological effects of stanniocalcin-1 are poorly understood. Results: Stanniocalcin-1 potently inhibits the proteolytic activity of the metzincin metalloproteinases PAPP-A and PAPP-A2, which promote insulin-like growth factor (IGF) activity in tissues.
Stanniocalcin-1 (STC1) is a disulfide-bound homodimeric glycoprotein, first identified as a hypocalcemic hormone important for maintaining calcium homeostasis in teleost fish. STC1
was later found to be widely expressed in mammals, although it is not believed to function in systemic calcium regulation in these species. Several physiological functions of STC1 have been reported, although many molecular details are still lacking. We here demonstrate that STC1 is an inhibitor of the metzincin metalloproteinase, pregnancy-associated plasma protein-A (PAPP-A), which modulates insulin-like growth factor (IGF) signaling through proteolytic cleavage of IGF-binding proteins (IGFBPs). STC1 potently (K i ‫؍‬ 68 pM) inhibits PAPP-A cleavage of IGFBP-4, and we show in a cell-based assay that STC1 effectively antagonizes PAPP-A-mediated type 1 IGF receptor (IGF1R) phosphorylation. It has recently been found that the homologous STC2 inhibits PAPP-A proteolytic activity, and that this depends on the formation of a covalent complex between the inhibitor and the proteinase, mediated by Cys-120 of STC2. We find that STC1 is unable to bind covalently to PAPP-A, in agreement with the absence of a corresponding cysteine residue. It rather binds to PAPP-A with high affinity (K D ‫؍‬ 75 pM). We further demonstrate that both STC1 and STC2 show inhibitory activity toward PAPP-A2, but not selected serine proteinases and metalloproteinases. We therefore conclude that the STCs are proteinase inhibitors, probably restricted in specificity to the pappalysin family of metzincin metalloproteinases. Our data are the first to identify STC1 as a proteinase inhibitor, suggesting a previously unrecognized function of STC1 in the IGF system.
Stanniocalcin-1 (STC1) 3 is a glycoprotein, first isolated from the corpuscles of Stannius (CS) in teleost fish, where it is known to function as a hypocalcemic hormone important for serum calcium homeostasis (1, 2) . STC1 is synthesized in the CS and released from this unique gland in response to elevated serum calcium levels. It negatively regulates calcium ion uptake from the environment via gill ionocytes by regulating the expression of the epithelial calcium ion channel (3, 4) . Although the CS or any comparable structure is absent in mammals, mammalian STC1 has been identified (5, 6) and is abundantly expressed in many organs, e.g. kidney, heart, lung, liver, adrenal gland, prostate, and ovary (5, 7) . However, through the analysis of genetically modified animals, a role of STC1 in mammalian mineral homeostasis has been questioned, in particular because STC1 knock-out mice do not show an altered level of serum calcium compared with wild-type mice (8, 9) .
Although STC1 is not believed to affect systemic ion balances in mammals, functions relating to ion transport in isolated cells or in individual organs have been proposed (2) . For example, it has been found that STC1 reversibly inhibits transmembrane calcium currents in cardiomyocytes (10) , that it inhibits renal phosphate excretion (11) , and that it suppresses intestinal calcium absorption (12) . Furthermore, mammalian STC1 has been suggested to be involved in physiological processes such as adipogenesis (13) , chondrogenesis (14) , and development of human cancer (2) .
Interestingly, a mammalian homolog of STC1 was discovered more recently and named STC2 (15) (16) (17) . Although STC2 has been studied less than STC1, it is known to negatively regulate growth, as evidenced by the severe dwarf phenotype of transgenic STC2 mice (18) , and also by the increased growth rate of STC2 knock-out mice (9) . The molecular mechanism behind this growth-suppressive effect was revealed recently, when STC2 was demonstrated to be a proteinase inhibitor of the metzincin metalloproteinase, pregnancy-associated plasma protein-A (PAPP-A) (19) .
PAPP-A is a regulator within the insulin-like growth factor (IGF) system (20) , and knock-out of the PAPP-A gene in mice causes a severe dwarf phenotype (21) , strikingly similar to the phenotype observed upon transgenic overexpression of STC2 (18) . IGF-I and -II are ubiquitous polypeptides that exert their effects on cell proliferation and survival by binding to the type 1 IGF receptor (IGF1R) (22) . In tissues, the bioavailability of the IGFs is tightly regulated by six homologous IGF-binding proteins (IGFBP-1-6), which function to antagonize receptor activation by high affinity binding of the IGFs. However, proteolytic cleavage of the IGFBPs causes diminished affinity for the growth factors and thus release of bioactive IGF (23) . One of the best studied IGFBP proteinases is PAPP-A, which together with its homolog, PAPP-A2 (24), comprises the pappalysin family of the metzincin metalloproteinases (25) . PAPP-A is expressed in most tissues (26) , and it cleaves IGFBP-4 at a single site in an IGF-dependent manner (27, 28) . Additional known substrates of PAPP-A are IGFBP-2 (29) and IGFBP-5 (28) .
Thus, STC2 has the potential to silence IGF signaling in tissues where this depends on PAPP-A activity. Curiously, the inhibitory activity of STC2 toward PAPP-A is dependent on the formation of a covalent proteinase⅐inhibitor complex between PAPP-A and STC2. In agreement with this mechanism, mice transgenic for a variant of STC2, which is unable to bind covalently to PAPP-A, grow like wild-type mice, supporting the interpretation that STC2 reduces IGF signaling through inhibition of PAPP-A (19) .
Although STC1 knock-out mice do not show any growthrelated phenotype (8) , it is interesting that transgenic overexpression of STC1 causes a severe reduction in growth (30) , similar to the phenotype of STC2 transgenic mice (18) . Based on this observation, we hypothesized that STC1 possesses proteinase inhibitory activity toward PAPP-A.
Experimental Procedures
Plasmid Constructs and Mutagenesis-A plasmid containing the coding sequence of human STC1 (nucleotides (nt) 285-1025 of NM_003155.2 flanked by a 5Ј XhoI site and a 3Ј HindIII site) were purchased (Invitrogen). The cDNA was cloned into the XhoI/HindIII sites of pcDNA3.1(Ϫ)/mycHis A (Invitrogen) to obtain pSTC1. pSTC1(N24Q), pSTC1 (N62Q), and pSTC1(C202A) were constructed by the QuikChange Mutagenesis kit (Agilent Technologies) using pSTC1 as template and the following primer sets: pSTC1(N24Q), 5Ј-CATGAGGCGGAGCAGCAAGACTCTGTGAGCC-3Ј and 5Ј-GGCTCACAGAGTCTTGCTGCTCCGCCTCATG-3Ј (nt 339 -369); pSTC1(N62Q), 5Ј-CTTTTGCATGCCTGGAA-CAATCCACCTGTGACACAG-3Ј and 5Ј-CTGTGTCACAG-GTGGATTGTTCCAGGCATGCAAAAG-3Ј (nt 451-486); pSTC1(C202A), 5Ј-GCAGACAGACCACGCTGCCCAAAC-ACACC-3Ј and 5Ј-GGTGTGTTTGGGCAGCGTGGTCTGT-CTGC-3Ј (nt 875-913). Plasmid constructs encoding PAPP-A (31), PAPP-A2 (24), STC2 (19) , IGFBP-4 (25) , and IGFBP-5 (24) were reported elsewhere. Plasmid pSTC2(C211A) was constructed by using the QuikChange kit, pSTC2 (19) as the template, and the following primer set: 5Ј-CCATCTTGAGCTTCGCC-ACCTCGGCCATCC-3Ј and 5Ј-GGATGGCCGAGGTGG-CGAAGCTCAAGATGG-3Ј.
Cell Culture and Transfection-Human embryonic kidney 293T cells (293tsA1609neo) were maintained in high-glucose DMEM supplemented with 10% fetal bovine serum, 2 mM glutamine, nonessential amino acids, and gentamicin (Invitrogen). Eighteen hours prior to transfection, 6.0 ϫ 10 6 cells were plated onto 10-cm culture dishes. The cells were transiently transfected by calcium phosphate coprecipitation using 10 -20 g of plasmid DNA prepared by GenElute HP Plasmid Miniprep Kit (Sigma). Culture supernatants were harvested 48 h post-transfection and cleared by centrifugation, or the cells were further cultured in serum-free medium (CD293, Invitrogen) to facilitate purification.
Protein Purification and Sequence Analysis-Purifications of His-tagged recombinant STC1, STC1(C202A), STC2, IGFBP-4, or IGFBP-5 were carried out by affinity chromatography on a 1-ml HisTrap HP column (GE Healthcare). Serumfree media were diluted 1:1 in 20 mM NaH 2 PO 4 , 150 mM NaCl, pH 7.4 (PBS), and loaded onto the column with a flow rate of 1 ml/min. The column was washed with 20 column volumes of 50 mM NaH 2 PO 4 , 1 M NaCl, 20 mM imidazole, 0.05% Tween 20, pH 7.4, followed by 5 column volumes of PBS. The proteins were eluted using 50 mM NaH 2 PO 4 , 300 mM imidazole, pH 7.4. The eluted STC1 was analyzed by gel filtration on a Superdex 200 Increase 10/300 GL (GE Healthcare). The sample was loaded onto the column with a flow rate of 0.5 ml/min using 20 mM HEPES, 150 mM NaCl, pH 7.4, as running buffer. The eluted fractions (0.5 ml) were analyzed by STC1-specific Western blotting following 12% nonreducing SDS-PAGE. All proteins were dialyzed against 20 mM HEPES, 150 mM NaCl, pH 7.4. IGFBP-4 and IGFBP-5 were further purified by reversed-phase high pressure liquid chromatography (RP-HPLC) on a column (4 ϫ 250 mm) packed with Nucleosil C4 500 -7 (Macherey-Nagel), as described previously (24) , and radiolabeled (25) using 125 I (Amersham Biosciences). Protein purity was assessed by SDS-PAGE, and quantification of purified proteins was done by amino acid analysis. For N-terminal sequence analysis, proteins were separated by reducing SDS-PAGE, blotted onto a PVDF membrane, and Coomassie-stained. Bands were excised, and sequence analysis was performed on an Applied Biosystems 477A sequencer equipped with an online HPLC at levels of ϳ20 pmol.
Proteinase Assays and Kinetic Analysis-Proteolytic cleavage of IGFBP-4 was performed as previously described (32) . Medium harvested from cells transfected with human PAPP-A cDNA were diluted to 20 pM PAPP-A and allowed to preincubate on ice with different concentrations of purified STC1 or STC1(C202A). Proteolytic reactions were initiated by the addition of preincubated 125 I-IGFBP-4 (10 nM) and IGF-II (100 nM) (GroPep Bioreagents) in 50 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl 2 , pH 7.5. Following incubation at 37°C, the reactions were terminated at various time points by the addition of hot SDS-PAGE sample buffer supplemented with 25 mM EDTA. Substrate and cleavage products were separated by 12% SDS-PAGE, and visualized by autoradiography using a storage phosphorscreen (GE Healthcare) and a Typhoon imaging sys-tem (GE Healthcare). Band intensities were quantified using the ImageQuant TL 8.1 software (GE Healthcare). Background levels (mock signals) were subtracted, and relative initial velocities (v/v 0 ) were determined by linear regression assuming no substrate depletion. Determinations of inhibition constants (K i ) were carried out using the Morrison K i model (competitive inhibition) and GraphPad Prism 5.0 software. In some experiments, media from cells co-transfected with combinations of empty vector, cDNA encoding PAPP-A, cDNA encoding STC1, cDNA encoding STC2, or cDNA encoding STC2(C211A) were diluted 500 times. Proteolytic activity was assessed as described above.
Cleavage of 125 I-labeled IGFBP-5 (25, 33) was assessed similarly for the following proteinases with or without a 10-fold molar excess of purified STC1 or STC2: human matrix metalloproteinase-2 (R&D Systems, 902-MP-010), human A disintegrin and metalloproteinase-10 (R&D Systems, 936-AD-020), human matriptase (34), bovine trypsin (Sigma, T-8642), and human PAPP-A2. Enzyme concentrations were 100 nM, except for trypsin (1 M) and PAPP-A2 (50 pM). Incubation times were 30 -180 min.
Western Blotting and Analysis of Potential Covalent Complex Formation-Proteins separated by SDS-PAGE were transferred to a PVDF membrane (Millipore). The membrane was blocked with 2% Tween 20, and equilibrated in 50 mM Tris-HCl, 500 mM NaCl, 0.1% Tween 20, pH 9.0 (TST). Primary antibodies were diluted (to 1-5 g/ml) in TST containing 0.5% fetal bovine serum and incubated with the membranes overnight at room temperature. The following primary antibodies were used: rabbit polyclonal anti-human PAPP-A (35), goat polyclonal anti-STC1 (R&D Systems, AF2958), goat polyclonal anti-STC2 (R&D Systems, AF2830), mouse monoclonal PY99 (Santa Cruz Biotechnology, sc-7020) for the detection of phosphotyrosine residues, mouse monoclonal CT-1 (GroPep Bioreagents, MAJ1) for the detection of human IGF-I receptor, or mouse monoclonal AC-74 (Sigma, A5316) for the detection of ␤-actin. The membranes were incubated for 1 h at room temperature with one of the following secondary antibodies diluted 1:2000 in TST containing 0.5% fetal bovine serum: polyclonal swine anti-rabbit IgG-HRP (DAKO, P0217), polyclonal rabbit antigoat IgG (DAKO, P0449), or polyclonal rabbit anti-mouse IgG-HRP (DAKO, P0260). Between steps, the membrane was washed in TST. The blots were developed using enhanced chemiluminescence (ECL Prime, GE Healthcare), and images were captured using an ImageQuant LAS 4000 instrument (GE Healthcare) and analyzed using the ImageQuant TL 8.1 software (GE Healthcare).
To probe for potential covalent complex formation between PAPP-A and STCs, culture supernatants from cells transfected with cDNA encoding PAPP-A were mixed with culture supernatants from cells transfected with pSTC1 or pSTC2 and incubated for 0 -16 h at 37°C. In another experiment, cells were co-transfected with cDNA encoding PAPP-A and empty vector, cDNA encoding STC2, or cDNA encoding STC2(C211A). Afterward, the proteins were separated by nonreducing 3-8% SDS-PAGE and analyzed by PAPP-A Western blotting as described above.
Mass Spectrometry-Purified STC1 was boiled for 10 min in TBS containing 0.2% (w/v) RapiGest (Waters) and 2 mM iodoacetamide. The sample was allowed to cool, trypsin was added at a 1:20 ratio (w/w), and the sample was incubated overnight at 37°C. The sample was acidified by the addition of TFA (1% (v/v) final), and the generated peptides were separated by reversedphase UPLC using a BEH300 C18 column (2.1 mm ϫ 15 cm; 1.7 m) operated by an Acquity UPLC system (Waters). The column was developed at a flow rate of 300 l/min using a linear gradient of 90% acetonitrile, 0.08% (v/v) TFA (solvent B) in 0.1% (v/v) TFA (solvent A) (1%/min). Peptides were detected by absorption at 220 nm and collected manually. Both the unfractionated digest and the collected peptides were analyzed by MALDI mass spectrometry using an Autoflex III instrument (Bruker Daltonics) operated in positive mode. The matrices used for analysis were either ␣-cyano-4-hydroxycinnamic acid prepared in 70% (v/v) acetonitrile, 0.1% (v/v) TFA acid, or 2,5dihydroxyacetophenone prepared in 20 mM diammonium hydrogen citrate, 75% (v/v) ethanol. The instrument was operated in reflector mode and calibrated in the mass range of 1000 to 3200 Da using a peptide calibration standard (Bruker Daltonics). When appropriate, MALDI spectra were evaluated by using the GPMAW software (Lighthouse Data). Peptides selected for further analysis were lyophilized, resuspended in PBS, and subsequently reduced by the addition of 10 mM DTT or deglycosylated by the addition of PNGase F (Roche Applied Science). The peptides were subsequently recovered by using C18 Stage Tips (Thermo) and eluted directly onto the MALDI target using the appropriate matrix solution.
Surface Plasmon Resonance Analysis-Surface plasmon resonance experiments were carried out on a Biacore T200 (GE Healthcare). Using amine coupling, purified monoclonal antibody 234-5 (36) was immobilized in flow cells (FC) 3 and 4 of a Series S CM5 Sensor Chip (GE Healthcare). To reach a coupling density of 5,000 response units, the antibody was diluted to 30 g/ml in 10 mM sodium acetate, pH 4.75. The remaining active groups were blocked by a 7-min injection of 1 M ethanolamine, pH 8.0. For data collection, recombinant human PAPP-A (350 response units) in culture medium was captured in FC4 only, using FC3 as a reference cell. A 2-fold serial dilution (6.25 nM to 195 pM) of purified recombinant human STC1 in 10 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM CaCl 2 , and 0.05% Tween 20, was injected over both FCs at 30 l/min. The association phase was 180 s, followed by a 1,000-s dissociation phase. At the end of each binding cycle, both surfaces were regenerated by a 40-s injection of 0.1 M glycine, pH 2.5, and 0.5 M guanidine hydrochloride. Analyte (STC1) concentration was determined by amino acid analysis. Binding analysis was performed at 25°C, and data were collected at a rate of 10 Hz. Recorded signals were subtracted the background signal, as determined by the response obtained from the reference cell. Global fitting of a 1:1 Langmuir model was performed, using Biacore T200 Evaluation Software, version 1.0.
IGF Receptor (IGF1R) Stimulation Assay-The assay was carried out as previously described in detail (37) . Briefly, cells stably expressing the type 1 IGF receptor (IGF1R), 293-IGFR (clone H), were starved and rinsed in PBS containing 0.1 mg/liter of CaCl 2 and 0.1 mg/liter of MgCl 2 . The starved cells were stimulated with combinations of IGF-I (10 nM), IGFBP-4 (50 nM), PAPP-A (2.5 nM), and STC1 (15 nM) for 15 min. Prior to stimulation, IGF-I and IGFBP-4 were incubated for 20 min at 37°C in 20 mM HEPES, 100 mM NaCl, 1 mM CaCl 2 , pH 7.4, to allow the IGF-I⅐IGFBP-4 complex to form. Then PAPP-A, preincubated with or without STC1, was added, and cleavage reactions were carried out at 37°C for 20 min in the same buffer. Following stimulation, the cells were lysed for 10 min on ice with RIPA buffer (Sigma, R0278), supplemented with Proteinase Inhibitor Mixture (Sigma, P8340) and Phosphatase Inhibitor Mixture Set II (EMD Millipore, 524625). ␤-Subunit phosphorylation of the IGF1R was quantified by Western blotting of cleared and reduced lysates using mAb PY99, and total IGF1R was quantified similarly using mAb CT-1. For loading controls, blots were stripped and reprobed with actin mAb AC-74. Band intensities were quantified using ImageQuant TL 8.1 software (GE Healthcare). The signals of mAb PY99 were plotted and analyzed using the GraphPad Prism 5.0 software. Statistical analysis was performed using one-way analysis of variance followed by Dunnett's test.
Results

STC1 Inhibits the Proteolytic Activity of PAPP-A -
To test the hypothesis that STC1 is a proteinase inhibitor of PAPP-A, proteolytic activity toward IGFBP-4 in culture media of cells trans-fected with PAPP-A cDNA alone or in combination with STC1 cDNA was assessed (Fig. 1A) . In culture media containing PAPP-A alone, IGFBP-4 was cleaved at a single site resulting in two co-migrating cleavage products. However, no activity was detected in the culture medium following co-transfection with STC1 cDNA, although comparable levels of PAPP-A expression were apparent by Western blotting (Fig. 1B) . These data indicate that STC1 is capable of inhibiting the proteolytic activity of PAPP-A.
Analysis of STC1 Heterogeneity-Prior to further characterization of the inhibitory potential of STC1, recombinant STC1 was affinity purified from culture medium of transfected HEK293T cells and analyzed by SDS-PAGE ( Fig. 2A ). Reduced STC1 migrated as a band above 35 kDa, and Edman degradation of the reduced protein revealed two N-terminal sequences, corresponding to cleavage at Ala-(17)-Thr-4 and Glu-(20)-Ala ( Fig. 2A) . In non-reducing SDS-PAGE, two species of STC1 in approximately equal amounts were observed ( Fig. 2A) . One species migrated corresponding to a dimer of ϳ80 kDa, and the other migrated as a monomer of ϳ35 kDa. In gel filtration, the protein eluted as two overlapping peaks, suggesting that a fraction of the protein is actually monomeric in solution (Fig. 2B) .
To validate the integrity of the protein, we analyzed the disulfide pairing by subjecting tryptic peptides separated by reversed-phase chromatography to MALDI mass spectrometry (Table 1 ). Determined masses of isolated peptides are in agreement with the previously published data on the disulfide structure of human (38) and salmon (39) STC1, for which five intramolecular bonds (Cys-45-Cys-59, Cys-54 -Cys-74, Cys-65-Cys-114, Cys-98 -Cys-128, and Cys-135-Cys-170) and one intermolecular bond (Cys-202-Cys-202) were demonstrated. However, we also identified a peptide containing a cysteinylated variant of Cys-202 (Table 1 and Fig.  3A ). Cysteinylation of Cys-202 is likely to prevent formation of the interchain disulfide bond responsible for covalent dimerization and thus explains that a fraction of the protein migrates as a monomer in non-reducing SDS-PAGE.
Furthermore, we identified a peptide containing a carbohydrate-substituted variant of Asn-62 ( Fig. 3B) . Based on the observed peptide masses, the carbohydrate moiety is a complex-type core fucosylated triantennary structure with no terminal sialylation. In agreement with this interpretation, neuraminidase treatment did not affect the peptide mass (not 
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shown), whereas complete deglycosylation of the peptide was obtained by treatment with PNGase F (Fig. 3B ). We also identified a non-glycosylated variant of the peptide containing Asn-62 (Table 1 ), in agreement with the heterogeneity of the protein as evident by SDS-PAGE analysis (Fig. 2) . Concor-dantly, Western blot analysis of a mutated variant of STC1, STC1(N62Q), in which Asn-62 is substituted for a glutamine residue, showed a reduction in molecular mass (Fig. 3C) , in fair agreement with the loss of the N-linked glycan. One other asparagine residue (Asn-24) of STC1 is predicted to be subject SEPTEMBER 4, 2015 • VOLUME 290 • NUMBER 36
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to N-linked glycosylation. However, based on peptide masses (not shown) and mutational analysis (Fig. 3C) , this residue is not substituted with carbohydrate. In summary, the preparation of purified STC1 is a mixture of homodimeric and monomeric protein. The STC1 subunit is partially glycosylated at Asn-62, and N-terminal sequence analysis showed two sequences, different by 3 amino acids, indicating the presence of two signal peptidase cleavage sites (Fig. 3D) . The co-existence of STC1 monomers and covalent dimers has also been observed following expression in CHO cells (54) . It is interesting that previous analyses of recombinant STC1 has been based on preparations subjected to various chromatographic procedures that might cause separation of the two species (38, 40) .
STC1 Inhibition of PAPP-A Is Based on Noncovalent High Affinity Interactions-We previously demonstrated that inhibition of PAPP-A by STC2 requires formation of a covalent
PAPP-A⅐STC2 complex, which can be formed in vitro by coincubating separately synthesized PAPP-A and STC2 (19) . The slower migration of PAPP-A following complex formation with STC2 can be demonstrated using Western blotting following separation of the proteins by nonreducing SDS-PAGE. Interestingly, formation of the PAPP-A⅐STC2 complex depends on Cys-120 of STC2, which is not conserved in the amino acid sequence of STC1 (Fig. 4A ). In agreement with this observation, a covalent complex between PAPP-A and STC1 could not be detected by Western blotting when the two components were incubated for up to 16 h (Fig. 4B) . Still, however, the addition of STC1 to PAPP-A caused efficient inhibition of IGFBP-4 cleavage without any preincubation (Fig. 4C) , showing that inhibition of PAPP-A by STC1 does not involve covalent complex formation.
For quantitative assessment of noncovalent interactions between STC1 and PAPP-A, we analyzed the binding of STC1 to immobilized PAPP-A by surface plasmon resonance, and the inhibitory properties of STC1 toward PAPP-A using IGFBP-4 as a substrate. The dissociation constant (K D ) was determined to be 75 pM (Fig. 5A) , and concordantly, the inhibition constant (K i ) of STC1 was determined to be 68 pM (Fig. 5B) . These results might be biased because not all of STC1 is present as a covalent dimer (Fig. 2) . We therefore expressed and purified a mutated variant of STC1, STC1(C202A), in which the cysteine residue forming the Cys-202-Cys-202 interchain disulfide bridge is mutated to an alanine residue. The inhibition constant of STC1(C202A) was determined to be 5-10-fold higher compared with that of wild-type STC1 (data not shown), and therefore, the inhibitory potential of the covalent STC1 dimer may be slightly underestimated. It should be noted, however, that the wild-type STC1 monomer and STC1(C202A) may differ (38) and the predicted disulfide structure of STC2. Disulfide bonds are shown as black lines. The positions of cysteine residues engaged in interchain disulfide bond formation are indicated (Dim) and asterisks indicate positions of three cysteines of STC2, which have no counterpart in STC1. The position of Cys-120 of STC2, which is required for formation of the PAPP-A⅐STC2 complex (19) , is indicated (PAPP-A). B, PAPP-A Western blot following 3-8% nonreducing SDS-PAGE of culture supernatants from cells transfected with cDNA encoding PAPP-A incubated 0 -16 h with medium from cells transfected with empty vector, STC1 cDNA, or STC2 cDNA. Note that the migration of PAPP-A is not affected by prolonged incubation with STC1, whereas all of PAPP-A has formed a covalent complex of higher molecular mass following incubation for 16 h with STC2. C, proteolytic activity toward radiolabeled IGFBP-4 in culture media from cells transfected with PAPP-A cDNA in the presence or absence of a 10-fold molar excess of purified STC1. PAPP-A and STC1 was not preincubated prior to the cleavage reaction. structurally, in particular at the dimerization interphase because Cys-202 of the wild-type protein is cysteinylated.
Based on these results, we conclude that STC1 is a proteinase inhibitor of PAPP-A, which, unlike STC2, does not require covalent complex formation. Rather, its potent inhibitory activity is based on a high-affinity interaction between STC1 and PAPP-A.
Upon recombinant expression, all of STC2 exists as disulfide-linked dimers (19) . To delineate whether the covalent linkage between the STC2 subunits is required for inhibition of the proteolytic activity of PAPP-A, a variant of STC2 in which the dimerization cysteine (Cys-211) was substituted for alanine was expressed in HEK293T cells. Culture media from transfected cells were analyzed by Western blotting, confirming that this variant, STC2(C211A), is unable to form a covalent dimer (Fig.  6A ). To first determine whether STC2(C211A) is able to interact covalently with PAPP-A, HEK293T cells were co-trans-fected with cDNA encoding PAPP-A, and cDNA encoding STC2 or STC2(C211A). PAPP-A-specific nonreducing Western blotting of media from transfected cells shows that a complex that migrates like the wild-type covalent PAPP-A⅐STC2 complex (19) is formed (Fig. 6B) . Thus, although STC2(C211A) is unable to dimerize covalently when expressed alone, it apparently is able to covalently complex with PAPP-A. We then tested the inhibitory activity of STC2(C211A) toward PAPP-A using IGFBP-4 as a substrate. Like wild-type STC2, STC2(C211A) fully inhibits the proteolytic activity of PAPP-A ( Fig. 6C) , showing that covalent dimerization of STC2 is not necessary for inhibition. These results do not allow any conclusions about reaction kinetics to be made; it is possible that the reaction between PAPP-A and wild-type STC2 is faster than the reaction between PAPP-A and STC2(C211A).
Because of the noncovalent binding between STC1 and PAPP-A, similar gel-based analysis of the complex formation ( Fig. 6B ) cannot be carried out for STC1. However, because STC1 and STC2 are homologous proteins with similar inhibitory specificities, it is reasonable to speculate that STC1 forms a similarly composed complex with PAPP-A, although current data do not allow a prediction of the relevant stoichiometries.
STC1 Inhibits IGF Signaling in Vitro-Because PAPP-A is known to regulate the bioavailability of IGFs through proteolytic cleavage of IGFBPs, a cell based assay was used to test the effect of STC1 on IGF signaling (37) . Cells overexpressing the IGF type 1 receptor (IGF1R) were stimulated with IGF-I preincubated with the indicated components (Fig. 7A) , and the degree of IGF1R phosphorylation was quantified based on Western blotting (Fig. 7B ). In the presence of IGFBP-4, no receptor stimulation was observed, whereas addition of PAPP-A leads to regained IGF1R phosphorylation (37) . When STC1 was also added, receptor phosphorylation was markedly reduced again. These experiments demonstrate the potential of STC1 to modulate the bioavailability of IGF and hence IGF signaling. SEPTEMBER 4, 2015 • VOLUME 290 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 21921 STC1 and STC2 Are Inhibitors of the Pappalysins-Having established STC1 and its homolog, STC2, as novel proteinase inhibitors of PAPP-A, we assessed their inhibitory activity toward a panel of other proteinases, representing both metalloproteinases and serine proteinases. We used a radiolabeled native protein substrate, IGFBP-5, which can be cleaved by many proteolytic enzymes (Fig. 8 ). Prior to the addition of substrate, the proteinases were incubated for 8 h with the STCs to allow potential covalent bond formation. However, neither STC1 nor STC2 showed inhibitory activity toward A disintegrin and metalloproteinase-10, matrix metalloproteinase-2, trypsin, or matriptase (Fig. 8, A-D) . In contrast, the activity of PAPP-A2 was inhibited by both STC1 and STC2 (Fig. 8E) . PAPP-A and PAPP-A2 are homologous proteins, together comprising the pappalysin family of the metzincin metalloproteinases (25) . From these data, we therefore conclude that STC1 and STC2 are proteinase inhibitors of the pappalysins.
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Discussion
We have established STC1 as a novel proteinase inhibitor of the metzincin metalloproteinase PAPP-A, and we have shown that the inhibitory activity of STC1 is based on high affinity interactions between the proteinase and the inhibitor. This is in contrast to the homolog STC2, which is dependent on the formation of a covalent complex for inhibition of PAPP-A (19) . We have also shown that STC1 is able to inhibit IGF signaling in vitro through silencing of PAPP-A activity. Finally, we have demonstrated that PAPP-A2, the other member of the pappalysin family of metalloproteinases, can be inhibited by both STC1 and STC2. In contrast, neither STC1 nor STC2 showed inhibitory activity toward other selected metzincin metalloproteinases or serine proteinases.
Secondary structure predictions and circular dichroism spectroscopy indicate that both STC1 and STC2 have a high ␣-helical content (19, 38) , but no known modules or motifs can be recognized in the amino acid sequences. Therefore, the inhibitory function of the proteins is surprising and could not have been predicted. The degree of sequence identity between STC1 and STC2 is relatively low, and hence the conserved pattern of cysteine residues is important for defining the STCs, particularly relevant for evolutionary distant species (41) . Comparison of the human STCs shows that the region contained between the first (Cys-45) and the 10th (Cys-170) cysteine of STC1, containing all intrachain disulfide bridges (see Fig. 4A ), has a sequence identity of 39%. The C-terminal portion of the proteins are less conserved, and STC2 contains an extended sequence stretch of more than 40 residues with no counterpart in STC1 (41) . This indicates that structural features important for the common inhibitory function of STC1 and STC2 lie within a core region of 126 residues, containing a total of five intrachain disulfide bonds.
The covalent complex between STC2 and PAPP-A, which is proteolytically inactive, forms in vitro over hours and requires Cys-120 of STC2. In fact, substitution of this cysteine residue for an alanine causes loss of inhibitory activity toward PAPP-A (19) . In agreement with the absence of a corresponding cysteine residue in its sequence, STC1 binds PAPP-A noncovalently but with high affinity (K D ϭ 75 pM). Concordantly, kinetic analysis showed that STC1 potently (K i ϭ 68 pM) inhibits PAPP-A and therefore has the potential to be a physiological regulator of PAPP-A activity and hence IGF signaling in vivo. For comparison, the physical interaction between STC1 and PAPP-A is comparable in strength to some of the high affinity interactions between many well characterized pairs of the tissue inhibitors of metalloproteinases and their target proteinases (42) .
Is there any evidence to suggest a functional connection between the role of STC1 as a proteinase inhibitor of PAPP-A and other possible biological activities of STC1? In teleost fish, STC1 inhibits uptake of calcium ions from the environment through the gills (3), and recently, studies in zebrafish have revealed that this involves regulated expression of the epithelial calcium ion channel in gill ionocytes (43, 44) , although some molecular details are still lacking. In this regard, it is interesting that an apparent link between calcium levels and IGF-induced cell proliferation has been demonstrated for zebrafish skin Proteolytic activity toward radiolabeled IGFBP-5 was assessed. The experiments were carried out in the absence or presence of STC1, STC2, or a general proteinase inhibitor (EDTA or PMSF). The following proteinases were analyzed: A, A disintegrin and metalloproteinase (ADAM)-10; B, matrix metalloproteinase-2 (MMP2); C, trypsin; D, matriptase; E, PAPP-A2. ionocytes, which have a similar regulatory role in the embryo before the gills are developed: activation of IGF1R-PI3K-Akt signaling was found to result from low levels of extracellular calcium ions (45) . The proposed signaling mechanism involves zebrafish IGFBP-5, which is also a PAPP-A substrate (46) . Although speculative, STC1 and PAPP-A may therefore in some cells or tissues be functionally connected in the network of proteins regulating transepithelial calcium ion uptake, possibly also relevant in mammals (4) .
Based on overexpression studies in mice, it is fair to assume that not only STC2 (18, 19) but also STC1 (30) can function as inhibitors of PAPP-A and PAPP-A2 in vivo. The two pappalysins and the STCs are ubiquitously expressed in many human tissues and we therefore suggest that functional interactions occur in vivo, which is likely to affect IGF signaling locally in both human health and disease. For example, increased IGF signaling has consistently been linked to several aspects of human cancer development (47) . For this reason, it is no surprise to find that expression of PAPP-A is up-regulated in several different types of cancer (20) and has in fact proved useful in animal models as a target to indirectly inhibit IGF signaling (48, 49) . Many studies link STC1 and STC2 to different aspects of human cancer, in particular metastasis (50) . Although some studies report a loss of STC expression, e.g. in breast cancer as a consequence of lost BRCA1 activity (51), the majority of these studies report increased levels of expression (2, 52) . This is in apparent conflict with a role of the STCs as inhibitors of PAPP-A and hence IGF signaling. On the other hand, a recent paper reported that breast cancer cells become more invasive following down-regulation of PAPP-A (53) . Because the STCs have not previously been connected to PAPP-A or other components of the IGF system, they have been considered to represent different biological systems and therefore been studied separately. Future studies are required to address the raised questions. In particular, distinction between tumor stages and between individual cells of the tumor microenvironment may lead to a better understanding of how these molecules function together.
Overall, we have shown that STC1 is a proteinase inhibitor of the pappalysins, and we hypothesize that STC1 is a relevant modulator of the IGF system in human physiology. However, whereas this hypothesis has a solid biochemical rationale, it is also possible that the pappalysins have modulatory effects on functions of the stanniocalcins, which may be unrelated to IGF signaling. This hypothesis should also be tested.
